Simultaneous small-and wide-angle X-ray diffraction was used to investigate the structural conversions in the so-called Ž . sub-main-transition of fully hydrated multilamellar vesicles of distearoyl phosphatidylcholine DSPC . The small-angle diffraction patterns show a modification in the supramolecular structure of the corrugated lipid bilayer and reveal that the Ž . 
Recently, a hitherto unknown phase transition, denoted as sub-main transition, was discovered by differential scanning calorimetry in saturated diacyl phosphatidylcholines having 17-20 carbon atoms per w x acyl chain 1 . The low-enthalpy phase transition is highly cooperative, extremely sharp and of first order. It is placed between the pre-and main-transition Abbreviations: DSPC, distearoyl phosphatidylcholine; SWAX, simultaneous small-and wide-angle X-ray diffraction; DSC, differential scanning calorimetry; DC PC, diheptadecanoic phos- 17 phatidylcholine; e.s.r., electron spin resonance; n.m.r., nuclear spin resonance ) Corresponding author. Fax: q43 316 812367. E-mail: fibrlagg@mbox.tu-graz.ac.at at the high-temperature end of the so-called ripple Ž .
X phase P . The ripple phase has been exhaustively b studied using a variety of physico-chemical techw x niques, such as differential scanning calorimetry 2 , w x X-ray diffraction 3-6 , freeze-fracture electron miw x w x w x croscopy 7,8 , e.s.r. 9 and n.m.r. spectroscopy 10 . Despite of that wealth of information, accumulated over the past two decades, the physics underlying the periodic intrabilayer corrugation is still poorly understood.
w x In the theory of Carlson and Sethna 11 , local Ž . defects chain melting in the void regions, which are the consequence of the packing competition between the headgroups and the chains, are held responsible w x for bilayer corrugation. Falkovitz et al. 12 have introduced a theory, whereby the ripple phase is formed by a membrane endowed with spontaneous curvature that stabilizes interfaces between solid and fluid domains. A similar theory has been proposed by w x Marder et al. 13 , who have discussed the bilayer corrugations in terms of a spatial modulation due to the existence of periodically bent microdomains composed of fluid-and solid-like domains respectively. A number of other factors have been discussed in relation to the bilayer corrugation: spontaneous local bilayer curvature arising from electrostatic coupling w x between water and headgroup layers 14 , packing w x competition between relatively rigid molecules 15 , and size mismatch between headgroups and chains w x w x 16 , the role of intermembrane interaction 17 .
So far the available data of the sub-main transition are limited to differential scanning calorimetric results for a series of saturated diacyl phospholipid w x bilayers of different acyl chain length 1 . In the present study, we report on the observation of the sub-main transition in distearoyl phosphatidylcholine Ž . DSPC by simultaneous small-and wide-angle X-ray Ž . diffraction SWAX , and differential scanning calorimetry. We found that the sub-main transition does not abolish the general features of the ripple phase, but alters the shape of the large-scale periodic Ž . bilayer corrugations. The presence of salt KCl intensifies the transition. This is most pronounced in the wide-angle region, where the acyl chains in the presence of KCl are packed in an orthorhombic symmetry in the ripple phase below the sub-main transition which turns into a pseudohexagonal order above the transition.
Sample preparation. For differential scanning calorimetry, 1,2-distearoyl-sn-glycero-3-phosphocho-Ž . line DSPC was purchased from Avanti Polar Lipids, Birmingham Alabama, and was used without further purification. The purity was checked using a Waters Ž . Diffraction scanning calorimetry. Differential scanning calorimetry was performed using a Micro-Ž . Cal MC-2 Northhampton, MA, USA power compensating calorimeter. 1.2 ml of 5-mM lipid samples were scanned in the upscan mode at 138Crh. Before each scan the lipid suspension was equilibrated for 50 min at the starting temperature.
X-ray diffraction. Simultaneous small-and wideangle X-ray diffraction measurements were carried out by using a modified Kratky compact camera Ž . w x MBraun-Graz-Optical Systems, Graz, Austria 18 , which employs two coupled linear position sensitive Ž . detectors PSD, MBraun, Garching, Germany moniw toring the s-ranges s s 2 sin url, 2usscatteringẙ ence materials. The samples were measured in a thin-walled 1 mm diameter Mark capillary held in a steel cuvette which provides good thermal contact to the Peltier heating unit. Before the measurements the samples were equilibrated for about 45 min at the starting temperature.
( )Samples were measured at each temperature for 30 min, and the equilibration time at each new temperature setting was 5 min. Typical temperature protocols are described in the captions to Figs. 2 and 3. Fig. 1 shows the heat curves obtained by using differential scanning calorimetry of DSPC in 200 mM KCl and in H O respectively. The curves exhibit 2 the existence of a sub-main-transition positioned between the pre-and the main-transition, and demonstrate that in the presence of salt the transition enthalpy is strongly increased. Fig. 2A ,B displays the small-angle X-ray patterns of DSPC in a 200 mM KCl solution in the temperature range between 448C and 568C. The sub-main transition occurs at 54.38C, and is reflected by an increase in the scattering intensity in the region around Ž . Ž . the 10 reflection and the 11 shoulder, and in a Ž . very small positional shift of the 10 reflection to Ž . higher s-values. The 11 shoulder, an indicator of the corrugation of the lipid bilayers, exists both below and above the sub-main transition, although it is more pronounced in the ripple phase below the transition. tion patterns of the system in 200 mM KCl, the curves in Fig. 2C exhibit qualitatively the same characteristics with regard to the sub-main-transition: The Ž . Ž . intensity around the 10 reflection and 11 shoulder Ž . is increased and the 10 reflection is slightly shifted Ž . to higher s-values. In the absence of salt, the 11 shoulder is more pronounced than in the KCl solution, the transition proceeds in a more continuous manner as compared to the salt solution, and the reflections throughout the whole temperature range are broader. tween the pre-and the sub-main transition, the intensity slightly increases, and jumps by about 10% between 548C and 54.68C, and again slightly increases between the sub-main and the main-transition. Simultaneously to the intensity jump, the lamellar repeat distance decreases by less than 1 A. This small change approaches the limits of instrumental Ž resolution in this region one detector channel corre-. sponds to a change in d-spacing by 0.8 A; d s 1rs , and therefore the gradual increase appears as a discontinuous jump. The lower frame in Fig. 4A shows Ž . the intensities in the 11 shoulder region. Like the Ž . intensity of the 10 reflection, it increases during the sub-main-transition by about 10%.
The intensity change with temperature of the reflection maximum in the wide-angle region and the corresponding change in its d-spacings are plotted in Fig. 4B . Between 53.78C and 54.38C the intensity decreases by about 5%. The intensity below and above the sub-main-transition remains constant. The Ž . d-spacings of the 20 reflection below and above the sub-main-transition respectively, differ slightly. The lower frame in Fig. 4B demonstrates that the intensitẙ w x calorimetric measurements 1 . Our results in the X-ray small-angle diffraction range demonstrate that the sub-main-transition modifies the supramolecular structure of the stacked corrugated lipid bilayers, but does not abolish the general features of the ripple phase. The wide-angle diffraction patterns point to a rearrangement of the hydrocarbon chain packing in the lipid matrix and a concomitant onset of chain melting during the sub-main-transition. Moreover, our wide-angle investigations show that, in the presence of KCl, the lipids exhibit an orthorhombic sub-cell packing of the hydrocarbon chains in the region between the pre-and the sub-main-transition. With Ž . regard of the effect of salt KCl , our investigations reveal an enhancement of the characteristics of the sub-main-transition, and an enhancement of the positional packing order of the hydrocarbon chains. To facilitate the discussion, the observations in the smalland wide-angle regions are dealt with separately in the following.
Ž . Small-angle region. The presence of the 10 and Ž . the 11 reflections below and above the sub-maintransition indicates that the stacked lipid multilayer system remains corrugated. This establishes the fact that the sub-main transition occurs between two different ripple phases. Ž . The change in the intensity of the 10 reflection Ž . and 11 shoulder, the change in the intensity ratio of Ž . Ž . the 10 and 11 reflection, and the decrease in lamellar repeat distance refers to a difference in the dimensions of bilayer corrugation in the ripple phase below and above the transition. In the following discussion we denote these two phases as ripple Ž . phase I below the sub-main-transition and ripple Ž . phase II above the sub-main transition , respectively.
Ž .
Ž . The intensity increase of the 10 and 11 reflections can be interpreted as an enhancement in the bilayer stacking order, including corrugations andror modifications in size and shape of the individual w x domains of the facetted lipid shells 20,21 .
The effect of salt on the sub-main-transition reflects itself in a different transition width. In the Ž . presence of salt, the intensity of the 10 reflection rises discontinuously while it is more gradual without KCl. The difference in the intensity ratios between Ž . Ž . the 11 and 10 reflection indicates that the corrugation of the bilayers is different in the KCl solution and in H O, respectively. The fact that none of the above-mentioned features are noticeable in the absence of KCl, indicates that the presence of salt strongly enhances the effect of the sub-main-transition in the hydrocarbon chain region. This agrees with the results obtained by differential scanning calorimetry, which exhibit in the presence of KCl a significant influence of ionic strength on the sub-main-transition.
The influence of KCl is also obvious in the packing of hydrocarbon chains in the lipid matrix. In the presence of salt, the appearance of the shoulder around y1 Ž . 4.15 A in the ripple phase I, between the preand the sub-main-transition, implies that the chains are packed on an orthorhombic lattice. The shoulder is not present in the diffraction patterns of the lipids in water. We suggest that the lack of salt, and the consequent decrease in stability of hydrogen bonds in the lipid matrix, allows a positional averaging of the hydrocarbon chains from the orthorhombic packing towards a pseudohexagonal order. So far, it was generally assumed that in the ripple phase the hydrow carbon chains are packed in a hexagonal lattice 22-x 24 .
It is important to note that there is a difference in transition temperatures as determined by the wide-( )and small-angle data, respectively, which indicates that, upon heating, the modification of the corrugated suprastructure occurs at slightly higher temperature Ž . by about half of the transition width as compared to the rearrangement of the hydrocarbon-chains in the lipid bilayer.
Wide-angle data of diheptadecanoic phosphatidyl-Ž choline di-C PC, i.e., by one CH -group shorter 17 2 . Ž hydrocarbon chains than DSPC illustrate Pressl, . unpublished results that the appearance of the submain transition on the packing order of the hydrocarbon chains in the lipid matrix are not only influenced by the presence of K It has been demonstrated that the sub-main transition is accompanied by a rearrangement and partial melting of the hydrocarbon chains. This suggests that in the ripple phases II two distinct domains coexist, in which the chains are molten, or ordered in a pseudohexagonal symmetry, respectively. The coexistence of fluid-like and gel-like domains in the ripple phase has been suggested by several previous studies w x 10,25 .
We suggest that during the sub-main-transition chain melting proceeds close to the already existing fluid-like domains. It has been proposed by Carlson w x and Sethna 11 that molten chains and fully extended chains are placed in the regions of enhanced curvature in opposite halves of the sawtooth modulated bilayers. The expansion of the molten chain domains over the whole region of the steeper part of the asymmetric sawtooth modulation of the bilayer in the ripple phase II could be a possible consequence. If domains of the molten chains are responsible for the formation of the periodically rippled bilayers, which w x has been proposed in several theories 12,13,11 , the change in domain sizes is one possible cause for the change in bilayer corrugation during the sub-main transition.
